Superconductivity in doped two-leg ladder cuprates 
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Within the t-J ladder model, superconductivity with a modified d-wave symmetry in doped two- 
leg ladder cuprates is investigated based on the kinetic energy driven superconducting mechanism. 
It is shown that the spin-liquid ground-state at the half-filling evolves into the superconducting 
ground-state upon doping. In analogy to the doping dependence of the superconducting transition 
temperature in the planar cuprate superconductors, the superconducting transition temperature 
in doped two-leg ladder cuprates increases with increasing doping in the underdoped regime, and 
reaches a maximum in the optimal doping, then decreases in the overdoped regime. 
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In recent years two-leg ladder cuprates have attracted 
great interest since their ground state may be a spin liq- 
uid state with a finite spin gap"'^"^. This spin liquid state 
may play a crucial role in superconductivity of the planar 
cuprate superconductors as emphasized by Anderson^. 
When carriers are doped into two-leg ladder cuprates, a 
metal-insulator transition occurs^"''. Although the am- 
bient pressure ladder superconductivity was not oberved 
until now, superconductivity in one of the doped two- 
leg ladder cuprate Sri4„a;Caa;Cu2404i has been observed 
under high pressure^"^, which is the only known super- 
conducting (SC) copper oxide without a square lattice. 
It has been shown that most important role of pressure 
for realizing superconductivity is the doped hole redis- 
tribution between chains and ladders^"'', and then the 
number of charge carriers on the ladders is increased^'^. 
Moreover, the structure under high pressure remains the 
same as the case in ambient pressure^, and the spin 
background in this SC phase does not drastically alter 
its spin gap properties^. The particular geometrical ar- 
rangement of the Cu ions in two-leg ladder cuprates pro- 
vides a playground for the normal- and SC-state stud- 
ies of low-dimensional strongly correlated materials^"'^. 
This follows from the fact that all planar cuprate super- 
conductors found up now contain square Cu02 planes^*^, 
whereas doped two-leg ladder cuprates consists of two- 
leg ladders of other Cu ions and edge-sharing Cu02 
chains^"^. By virtue of the nuclear magnetic resonance 
and nuclear quadrupole resonance, particularly inelastic 
neutron scattering measurements, it has been shown that 
there is a region of parameter space and doping where 
doped two-leg ladder cuprates in the normal state is 
an antiferromagnet with the commensurate short-range 
order^^^^. Moreover, transport measurements on doped 
two-leg ladder cuprates in the same region of parame- 
ter space and doping indicate that the resistivity is lin- 
ear with temperatures^, one of the hallmarks of the ex- 
otic normal state properties found in the planar cuprate 



superconductors^^. These experimental results have re- 
vealed some close analogies between the doped planar 
cuprates and doped two-leg ladder cuprates. The normal- 
state of doped two-leg ladder cuprates exhibits a number 
of anomalous properties which is due to the charge-spin 
separation (CSS), while the SC state may be character- 
ized by the charge-spin recombination. 

Theoretically, there is a general consensus that the 
charge carrier pair of doped two-leg ladder cuprates in 
the SC-state are created on the ladders^, i.e., supercon- 
ductivity develops mainly within the ladders, with a mi- 
nor role played by the interladder hopping amplitude. 
Within the t-J ladder model, many authors have shown 
that the charge carrier pair correlation is very robust 
clearly indicative of a ground-state dominated by strong 
SC tendencies. Moreover, it has been shown in the renor- 
malized mean-field (MF) theory that superconductivity 
should exist in the d-wave channel^'^, which has been con- 
firmed by variety of numerical simulations^^. Within the 
framework of the CSS fermion-spin theory^^ , we have de- 
veloped a kinetic energy driven SC mechanism^^, where 
the dressed holons interact occurring directly through the 
kinetic energy by exchanging the spin excitations, leading 
to a net attractive force between the dressed holons, then 
the electron Cooper pairs originating from the dressed 
holon pairing state are due to the charge-spin recombina- 
tion, and their condensation reveals the SC ground-state. 
This SC-state is controlled by both SC gap function and 
quasiparticle coherence, then the maximal SC transition 
temperature occurs around the optimal doping, and de- 
creases in both underdoped and overdoped regimes^^. In 
particular, this kinetic energy driven SC mechanism does 
not depend on the fine details of a lattice structure, and 
the main ingredient was identified into a charge carrier 
pairing mechanism involving the internal spin degree of 
freedom^^. Therefore this SC mechanism shows that the 
strong electron correlation favors superconductivity^^' 
Since there is a remarkable resemblance in the normal- 
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state properties between the doped planar cuprates and 
doped two- leg ladder cuprates as mentioned above, and 
the strong electron correlation is common for both these 
cuprate materials, then two systems may have similar un- 
derlying SC mechanism, i.e., it is possible that supercon- 
ductivity in doped two-leg ladder cuprates is also driven 
by the kinetic energy. In this paper, we discuss super- 
conductivity in doped two-leg ladder cuprates along with 
the kinetic energy driven SC mechanism. We show that 
in analogy to the doping dependence of the SC transi- 
tion temperature in the planar cuprate superconductors, 
the SC transition temperature in doped two-leg ladder 
cuprates increases with increasing doping in the under- 
doped regime, and reaches a maximum in the optimal 
doping, then decreases in the overdoped regime. 

The basic element of two-leg ladder materials is the 
two-leg ladder, which is defined as two parallel chains 
of ions, with bonds among them such that the interchain 
coupling is comparable in strength to the couplings along 
the chains, while the coupling between the two chains 
that participates in this structure is through rungs^''^. In 
this case, the t-J ladder model on the two-leg ladder is 
expressed as, 

H = -h J2 CLCi+vaa - tl. J^i^L^i^a + H.C.) 

ifjaa icr 

iaa ifja 

+ J±J2^a-Si2, (1) 

i 

where f] = ±cox, cq is the lattice constant of the two- 
leg ladder lattice, which is set as unity hereafter, i runs 
over all rungs. f7(=|,|) and a(= 1,2) are spin and leg 
indices, respectively, Cj^^ (Ciaa) are the electron cre- 
ation (annihilation) operators, Sia = Cj^ada/^ are the 
spin operators with a = {ux, (Jy, (Jz) as the Pauli ma- 
trices, and n is the chemical potential. This t-J ladder 
Hamiltonian (1) is subject to an important on-site lo- 
cal constraint '^^Cj^^^Ciaa < 1 to avoid the double oc- 
cupancy. In the materials of interest^" the exchange 
coupling J|| along the legs is close to the exchange cou- 
pling J± across a rung, and the same is true of the hop- 
ping f|| along the legs and the rung hopping strength 
t±. Therefore, in the following discussions, we will work 
with the isotropic system J± = J|| = J , t± = t|| = t. 
On the other hand, the single occupancy local constraint 
in the t-J ladder Hamiltonian (1) can be treated prop- 
erly in analytical calculations within the CSS fermion- 
spin theoryis, da^ = hl^^S~, = hj^^S^, where the 

spinful fermion operator hiacr = e~^^*''hia describes the 
charge degree of freedom together with some effects of 
the spin configuration rearrangements due to the pres- 
ence of the doped hole itself (dressed holon), while the 
spin operator Sia describes the spin degree of freedom 
(spin), then the electron local constraint for single occu- 
pancy, J2a Claa^iaa = S^ahia^f^la'^Sg + Sghialhl^S+ = 



hiah\^{StaS,a + S.^Sf^) = 1 - h\^h,a < 1, IS Satis- 
fied in analytical calculations, and the double spinful 
fermion occupancies /it^^/it^_^ = e'*-/it^/it^e'**-<' = 
and hiaahia-a = G"^"^'" hiahiaC^^"^'^" = 0, are ruled out 
automatically. Since these dressed holons and spins are 
gauge invariant, and then in this sense, they are real 
and can be interpreted as the physical excitations^*. Al- 
though in common sense hiaa is not a real spinful fermion, 
it behaves like a spinful fermion. In this CSS fermion- 
spin representation, the low-energy behavior of the t-J 
ladder Hamiltonian (1) can be expressed as, 

ifja 

i 

i+f\a 

iaa ifja 

+ -/eff X] Sji • Sj2, (2) 
i 

with Jeff = J(l-(5)^, and^ = {h\^„hiaa) = {h\ahia) is the 
hole doping concentration. In this CSS fcrmion-spin rep- 
resentation, the kinetic terms have been expressed as the 
dressed holon-spin interactions, which reflect that even 
the kinetic energy terms in the t-J ladder Hamiltonian 
have the strong Coulombic contribution due to the re- 
striction of no doubly occupancy of a given site. As in 
the planar cuprate superconductors^^, the SC state in 
doped two-leg ladder cuprates is also characterized by 
electron Cooper pairs'"'"^, forming SC quasiparticlcs. Be- 
cause there are two coupled t-J chains in the two- leg 
ladder cuprates, therefore the order parameters for the 
electron Cooper pair is a matrix A = A/, + u^I^t, with 
the longitudinal and transverse order parameters are de- 
flned as, 

= {hia^hjaiS^^Sj^ - htaihja^S:r^S^J 

= ~{S+SrJAnL, (3a) 

At = {Cji^Cl^i - CliiC'l2T) 

= {hiithi2iS^Sr^ - hiiihi2^Sr^S^) 

= -{S+S.^)Af,T, (3b) 

respectively, where the longitudinal and transverse 
dressed holon pairing order parameters are expressed as, 

A/iL = {hjaihiaf - hja-fhial), (4a) 

AhT = {hi2ihiii - hi2ihiii). (4b) 

In this case, the physical properties of doped two- leg lad- 
der cuprates in the SC state are essentially determined by 
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the dressed holon pairing state, i.e., the SC order param- 
eters are determined by the dressed holon pairing ampH- 
tude, and are proportional to the number of doped holes, 
and not to the number of electrons. 

For discussions of superconductivity in the doped 
two-leg ladder cuprates, we now introduce the dressed 
holon normal and anomalous Green's functions and spin 
Green's functions as, (ji(k, w) = gL(k,uj) + axgrC^^^^), 
St(k,c^) = '^l{k,Lu)+a,,^W^,u), D{k,Lu) = i?L(k,c^) + 
crccI>T(k,a;), and Dz{k,u!) = D^L{k.,ui) + axDzriK^), 
respectively, where the longitudinal and transverse parts 
of these Green's functions are defined as. 
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with a' ^ a. In the MF level, the spin system is 
an anisotropic away from the half-filling^° , therefore we 
have defined the two spin Green's fimctions D(k, cj) and 
^'^(k, co) to describe the spin propagations, while the lon- 
gitudinal and transverse parts of the MF dressed holon 
normal Green's function and MF spin Green's functions 
have been obtained as^", 



^f(k,a;) = i^ 



2 .tt2 ^ - ^-^"^ 
5^°)(k,.;) = l ^(-l)'^+^-i— , 
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2 4-,w2_^2 ' 



i/=l,2 



DS?>(k,„) = ii:(-ir.-^ 

v=l,2 ' 



2 ^ w^-wf 

v=1.2 ^' 



i/=l,2 "'zi/k 



(6a) 
(6b) 
(6c) 
(6d) 
(6e) 
(6f) 



where B^k = A[Aicosfc^-^2]- Jeff[x± + 2xl(-l)1[e± + 

(-1)1, B,,k = -Ae||X||(l-cosfc,) + JeffeiXi[("l)'^+'- 
1], A = 4Jeff, = 2e||x| + X||, A2 = eyxii + 2x|, 

e|| = 1 + 2t<^||/Jeff, e_L = 1 + 4:t(l)±/JeS, the spin correla- 
tion functions X|| = (5*+ 5-^^), Xf = {Sa^Sai+r,): AU = 

{^ii^2i)^ Xl ~ ('S'li'S'li), the dressed holon particle-hole 
order parameters = {hli^hai+fi^r) , (p± = {h\^^h2ia), 
and the MF dressed holon and spin excitation spectra. 



= 2tX||Cosfcx +ti + X-L*(-l) 



(7a) 



^Ik = ^aei\X'^Aicos^k^ + [Xi + X2(-l)''+^]cosfc^ 



+ X3 + Xii-l 



(7b) 



4uk = a^Yxwcos^K + [Yi + l2(-l)''+ ]cosfc, 



>3 + n(-l) 



(7c) 

where Xi = -e\\\'^[{aA2 + 2Ai) /4 + A3] - aXJcs[e\\iCl + 
xl) + e±iC± + e\\X±)/2], X2 = aAJeff[(e±X|| + 
e||X±)/2 + e||e±(xl + Xf)], ^3 = A^f^a - ae||Ai/4 + 
elAi/2] + aXJ,s[eiie±Ci_ + 2Ci] + J^f,{el + l)/4, 
Xi = -Q:AJeif[e||e±X||/2 + e±(xf + C^) + - 
e± Jeff/2, Y, = -e||A2[e||(aq| + (1 - a)/4) + t.X|l/2] - 
aAJeffei.(e||C_L + X-l), ^2 = aAJoff(ej|X|| + <^±X±), ^3 = 
e|,A2[e||(aq| + {1 - a)/4) - ax||/2] + 2qA Joffejie^C^ + 
eiJ2ff/2, Y4 = -aAJeffe||(x|| + e±C±) - e\Jls/2, with 
Az = aC|| + (1 - a)/8, A^ = aC\\ + (1 - a)/4, and the 

spin correlation functions Cy = T,fir,'(^ai+fiS~+n''^/^^ 
q = E^,'(5al+,)^„V,,)/4, = E^(^2+5h+^)/2, and 

Within the Eliashberg's strong coupling theory^^, it 
has been shown that the dressed holon-spin interaction in 
the doped planar cuprates can induce the dressed holon 
pairing state (then the electron Cooper pairing state) by 
exchanging the spin excitations in the higher power of the 
doping concentration^^. Following their discussions^^, 
the self-consistent equations that satisfied by the full 
dressed holon normal and anomalous Green's functions 
in doped two-leg ladder cuprates are expressed as^^, 

<?(k, u;) = 5^°) (k, w) + 5^°) (k, C.)[S('') (k, ^)g{k, oj) 

-E('^)(-k,-u;)3t(k,c.)], (8a) 
St(k,a;) = 5(0) (-k, -u)[E^^\-k, -a;)9t(_k, -uj) 

+ E(")(-k,-c.)g(k,a;)], (8b) 

where the self-energy functions E^'*-' (k, lu) = S^'|^^ (k, uj) + 

CT^Ej'^^(k,w) and ^i^\k,oj) = S^';^'(k, w) -ha^I]^^^^(k,a;), 
with the longitudinal and transverse parts are evaluated 

as. 



sf2(k,i^n) = ^E[(7^+P'+k + i') 



p,p' 



X ^ y^gL(P + k, ipm + W„)nLL(P, P', iPm) 



+ 2t7p+p'+k-^^ffT(p + k,ip„ + ia;„) 

X nTLiP,p',iPrn)], 



(9a) 



p,p' 



^^9T{P + KiPm + ii^n)'nTT{P,p',iPm) 
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+ 2t7p+p'+k ^ 5L (p + k, ipm + iuJn) 



)], (9b) 



be written explicitly as, 

9L{k,u;) = l 41 (k) ' 



i/=l,2 ^ 



^ ^Ql(-P - k, -ipm - i0Jn)ULL{P,p',iPm) 



5T(k,a;) = l 5^ (-ir+izM(k) 



+ 



z/k 



uj-E, 



i/k 



+ 2i7p+p/+k-^^9T(-p-k,-ipTO-ia;„) 



X nTL(p,P )], (9c) 
4'^)(k,*c.„) = -^^[(7^+p,+k + i') 



(10b) 



1 



i ^3.(-p - k, -zp^ - ^.„)^,,(p,p^^;,„) 4(k,-) = E (-l)^+^41(k)^^ (;;;^ 

1 1 
+ 2i7p+p'+k-^2^9L(-p-k,-ip: 



(10c) 



'/3 

X nLT(p, p',«p« 



'TO — lU}n 



CO + -E^k 



2-E'i/k V'^ — -Ei/k 

(lOd) 



(9d) 



where 7p+p'+k = 2tcos{px +p'^ + k^), and the spin bub- 
bles n^,^'(p,p',zpm) = 
(1//3) Eip;. (P', ¥m)D^^^ (p' + p, + ipm), with 
r] = L,T and r/' = L,T. The sclf-cncrgy func- 
tion T,2^\]s.,u)) contains the pairing force and dressed 
holon gap function, then it is called as the effective 
dressed holon gap function, while the self-energy function 
T,'^\]s.,Lo) renormalizes the MF dressed holon excitation 
spectrum^ ^, and therefore it describes the quasiparticle 
coherence. Moreover, Ti2^\\s.,ij) is an even function of 
while E['"\k, Lu) is not. In this case, it is convenient 
to break sf^(k, w) up into its symmetric and antisym- 
metric parts as, I]^''^(k, w) = s['"^^(k, w) + ujY,['^°\'k, lo) , 

then both '' (k, a;) and Y]['^°\]s., oj) are even func- 
tions of oj. Now we define the quasiparticle coherent 

weights as zj^^^~^(k, = Zpl(k,uj) — Zp^O^^'^) ^^^'^ 

zp-\k,co) = Zpl{k,iv) + Zp^{k,Lo), with Zpl{k,u) = 

1 - Y,^^°\k,Lo) and Zpl{k,u) = T,^^^\k,u>). As in 
the case of the planar cuprate superconductor-'^'^, the 
retarded function ReS^'"^"* (k, w) is a constant, indepen- 
dent of (k, w), and just renormahzes the chemical po- 
tential, therefore it can be dropped. Since we only 
discuss the low-energy behavior of doped two-leg lad- 
der cuprates, then the effective dressed holon pair gap 
functions and quasiparticle coherent weights can be dis- 
cussed in the static limit, i.e., A/,(k) = 'E2^\k,uj) \^=o= 
A/,L(k) + a^AhrO^), 4A"'(k) = Z-^k) - ^-^(k) 
and Z 



where the dressed holon quasiparticle coherence factors 
= [1 + e.k/E.k]/2 and VX = [1 - C.k/£^.k]/2, the 
renormalized dressed holon excitation spectrum ^^k = 
Zp]^{k)£^^-k:, the renormalized dressed holon pair gap 

function A'j^^\k) = 4"'](k)[A^i(k) + (-l)-+iA^T(k)], 
and the dressed holon quasiparticle dispersion E'yk = 

I Al';)(k) |2. Although 41 (k) and Z^^\{k) 
still are a function of k, the wave vector dependence may 
be unimportant, since everything happens at the electron 
Fermi surface^^. In this case, we need to estimate a spe- 
cial wave vector ko that guarantees Zp\ = Zp\(ko) near 
the electron Fermi surface. Following the discussions in 
the case of the planar cuprate superconductors"'^'^, this 
special wave vector can be obtained as ko = kA — kp, 
with kA = TT and kp » (1 — x)tt/2, then we only 
need to calculate Z^p\ = 41 (ko). On the other 
hand, many authors have shown that superconductiv- 
ity in doped two-leg ladder cuprates possesses a mod- 
ified d-wave symmetry^^'^^, and the gap function in 
this modified d-wave symmetry can be expressed as, 
A|,'J(k) = A^^i(k) + Aft,T(k) = 2Ah,LCosk^ + Ah,T 

and A|^^)(k) = A,,,L(k)-A^^T(k) = 2A^^iCosfc^ - A^^t 
for the antibonding and bonding cases, respectively. In 
this case, the dressed holon effective gap parameters and 
quasiparticle coherent weights in Eq. (9) satisfy following 
four equations. 



l-T.[^j°\k,oj) |^.=o and Zp^{k) 



Zplik) + Zp^ik), with Zplik) = 



.(ho) 
'IT 



(k,^) 



1, then 



^hL = -^j^ Y Yl *=°^(^^ -Px + 9x) 

xA«.4k,q,p), (11a) 



the longitudinal and transverse parts of the dressed holon 
normal and anomalous Green's functions in Eq. (8) can 



k,q,p v,i/',i/" 



x A^l,),^„(k,q,p) 



(lib) 
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^ = 1 + ^E E 411.. (q,P) 



q,p 1^,1/ , I/" 



Aill.(q,p), 



q,p v,i>' ,v" 



(lie) 



(lid) 



where the kernel functions A^^J,j^„(k, q, p) and 
^vv'u" P) evaluated as, 



A[,lv4k,q,p) 



^(i.")2 



[7k+q + t(-l) 



X [2AhLC0sk^ + AhT{~ir"^^] 
^ /^F£U(q,p)+fil»(k,q,p) 



^i/'p 



El,. 



^;!l"(q.p) + ^^l"(k,q.p)^ 



(12a) 



Ail^v"(q,P) ^ 



[7p+ko +H-1) J 



ff^l"(q,p) 



-E'l/"p-q+ko]'^ 



+ 



+ 



+ 











^?fj."(q,p) 






'p + Wi^q + Ev'ip- 


-q+ko]^ 




^fit'L."(q>P) 






'p + Wi/q — Ev'ip- 


-q+ko]^ 



(12b) 



respectively, where F^iv//(q,p) = ns(a;j.q)+nB(w.'p) + 
2nB(a;.q)ns(a;.'p), F£)^„(k,q,p) = [2ni;'(£;i,//k) - 

l][cji.'p-a;.q][nB(wi.q)-ni3(t^,yp)]/£^,y"k, ^',);A"(q'P) = 
1 + UBiuJuq) + riBioj^'p) + 2nB{uiuq)nB{^v'p), 



i^i'l"(k,q,p) 



[2nF{E,n^) 



l\[uJi,i- 



+ 



Wi.q][l + nB(t^l.q) + n.B(t^,y'p)]/£'l."k, H]^^, ^n{ci,Tp) = 

nF(£'i."p_q+ko)["B(^iy'p) - "B('^7.q)] + nB(t^.q)[l + 

(2'] 

nB(w!/'p)], i?^.V"(q'P) = "F(-Bi."p-q+ko)['^i3(w.q) - 

nB(w,.'p)] + nB{u:u'p){l + nB{ijJuti)], Hj^X„{q,p) = 
[1 - nF{E^"p-q+ko)][l + nsiuJuq) + nsiuJu'p)] + 

nB{'^uci)nB{t^u'p), 

and i?^tv"(q'P) = "•F(-B>."p-q+ko)[l + »^i3(w>.q) + 
nB{'^v'p)]+nB{uJvq)nB(^u'p)- Those four equations (11) 
must be solved together with other self-consistent equa- 
tions, 

h = ^Y. 41cosfc, (l - |^th[i/3£.k]) , (13a) 

i/,k 

L ^(-l)''+izi.l (l - |^th[l/3£;.k]) , (13b) 



4Af 



i/,k 



^=4^E4lfl-|^th[i/3i^.k]), 



i/,k 



-E,,!, 2 



(13c) 



X|| = 7^ E cosfcx— coth[i/3a;.k], (13d) 

z/,k 

'^11 = 7^ E cos^Ajx— coth[^/3a;.k], (13e) 

i/,k 
i/,k 

= 7T7E^°^^^^"~^*^°*^[^^'^-^^'^]' 

4iV ^zi/Iq ^ 

:/,k 



4Af^v --'--w,k~""^2^ 



(13g) 
(13h) 
(13i) 
(13j) 



xl-i^E(-l)^"^^coth[i/3...k], (13k) 

i/,k 

CI = ^(-l)'^+'cosfc.^coth[i/3u;,.k], (131) 



then all the above dressed holon effective gap parameters, 
quasiparticle coherent weights, dressed holon particle- 
hole order parameters, decoupling parameter a, spin 
correlation functions, and chemical potential /i are de- 
termined by the self-consistent calculation^" . With the 
helps of the above discussions, we now obtain the lon- 
gitudinal and transverse parts of the dressed holon pair 
order parameter in Eq. (4) in terms of the dressed holon 
anomalous Green's functions (10c) and (lOd) as. 



A 



hL 



A 



hT 



2N 

-y 

2N^ 



(-) 



cosA;,-^^th[-/3ii;,k] 



th[-/3£;.k]. 



(14a) 
(14b) 



As in the case of the planar cuprate superconductors^^'^^, 
this dressed holon pairing state originating from the ki- 
netic energy terms by exchanging the spin excitations 
in doped two-leg ladder cuprates also leads to form the 
electron Cooper pairing state^^. For discussions of su- 
perconductivity in doped two-leg ladder cuprates, we 
need to calculate the electron anomalous Green's func- 
tion r'''(k,a-') = rj^(k,a;) + axrj,{\c,oj), with the lon- 
gitudinal and transverse parts are defined as, T\^{i — 
j,t- t') = {{Cl^{t);Cl^{t'))) and 4(» - j,t - t') = 

((Cit(t);C'j^/|(^')))(a' ^ a). These longitudinal and 
transverse parts of the electron anomalous Green's func- 
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tion arc the convolutions of the corresponding longitu- 
dinal and transverse parts of the dressed holon anoma- 
lous Green's function and spin Green's fimction in the 
CSS fermion-spin theory, and reflect the charge-spin 
recombination^^. In terms of the MF spin Green's func- 
tions in Eqs. (6c) and (6d) and dressed holon anomalous 
Green's functions (10c) and (lOd), we obtain the longi- 
tudinal and transverse parts of the electron anomalous 
Green's function, then the longitudinal and transverse 
parts of the SC gap function A(k) = Aj:,(k) + fTxAT(k) 
are evaluated as, 



X th[-/3£;^'p_k]coth[-/3a 



'2 



(15a) 



P,I/,I/' 

X th[^/3i;^/p_k]coth[^/3w^p], 



(15b) 



which shows that the symmetry of the electron Cooper 
pair in doped two-leg ladder cuprates is essentially de- 
termined by the symmetry of the dressed holon pairs. In 
this case, the SC gap function is written as A(^)(k) = 
AL(k) + AT(k) = 2ALCosfc^ + At and A(2)(k) 
AL(k) — AT(k) = 2AlcosA;x — At for the antibond- 
ing and bonding cases, respectively, then the longitudinal 
and transverse parts of the SC gap parameter are eval- 
uated in terms of Eqs. (15) and (14) as At = — X||A;il 
and At = — x^A/jt- In Fig. 1, we plot the longitu- 
dinal (solid line) and transverse (dashed line) parts of 
the dressed holon pairing (a) and SC (b) gap parameters 
as a function of the doping concentration 5 for parame- 
ter t/J = 2.5 at temperature T = O.OOOIJ. Our result 
shows that both longitudinal and transverse parts have 
almost the same amplitude, and the longitudinal (trans- 
verse) part of the dressed holon pairing parameter has 
a similar doping dependent behavior of the longitudinal 
(transverse) part of the SC gap parameter. In particular, 
the value of the longitudinal part of the SC gap parameter 
Ai increases with increasing doping in the underdoped 
regime, and reaches a maximum in the optimal doping 
a^opt ~ 0.07, then decreases in the overdoped regime. 

Our result in Eq. (15) also shows that the SC tran- 
sition temperature Tc occurring in the case of the SC 
gap parameter A = is identical to the dressed holon 
pair transition temperature occurring in the case of the 
dressed holon pairing gap parameter Ah = 0. In cor- 
respondence with the SC gap parameter, the SC tran- 
sition temperature Tc as a function of the hole doping 
concentration 5 for tjj — 2.5 is plotted in Fig. 2. For 
comparison, the experimental result of the SC transi- 
tion temperature in the doped two-leg ladder cuprate 
Sro.4Cai3.6Cu2404i as a function of pressure'' is also 
shown in Fig. 2 (inset). Experimentally, it has been 



shown that the main effect of pressure in doped two-leg 
ladder cuprates is to reduce the distance between the 
ladders and chains, which leads to the doped hole redis- 
tribution between chains and ladders^"''. However, the 
structure at ambient pressure with clearly defined lad- 
ders and chains remains stable under the pressure needed 
to induce the SC regime^, and the spin background in 
this pressure induced SC phase does not drastically alter 
its spin gap properties^. On the other hand, when Ca 
is doped upon the original Sr-based Ca-undoped phase, 
the interatomic distance ladder-chain was found to be re- 
duced by Ca substitution, leading to a redistribution of 
holes originally present only on the chains^'''. These ex- 
perimental results show that an increase of the pressure 
may corresponding to an increase in the number of charge 
carriers on the ladders'""^. In other words, the doping 
dependence of the SC transition temperature should be 
similar to the pressure dependence of the SC transition 
temperature. In this sense, our present result of the dop- 
ing dependence of the SC transition temperature is qual- 
itatively consistent with the experimental result^. The 
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FIG. 1. The longitudinal (solid line) and transverse 
(dashed line) dressed holon pairing (a) and SC (b) gap param- 
eters as a function of the doping concentration for tj J = 2.5 
with T = O.OOOIJ. 
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maximal SC transition temperature occurs around the 
optimal doping concentration Xopt ~ 0.07, and then de- 
creases in both underdoped and overdoped regimes. In 
particular, this domed shape of the doping dependence 
of the SC transition temperature is same as that of the 
doping dependence of the longitudinal part of the SC gap 
parameter, which shows that superconductivity is mainly 
produced by the development of the pairing correlation 
along legs, and is consistent with the one-dimensional 
charge dynamics under high pressure^'^. Furthermore, 
Tc in the underdoped regime is proportional to the hole 
doping concentration S, and therefore Tc in the under- 
doped regime is set by the hole doping concentration, 
which reflects that the density of the dressed holons di- 
rectly determines the superfluid density in the under- 
doped regime. 

The essential physics of superconductivity in the 
present doped two-leg ladder cuprate superconduc- 
tors is the same as that in the planar cuprate 
superconductors^^' i.e., the SC-order in doped two- 
leg ladder cuprate superconductors is controlled by both 
gap function and quasiparticle coherence, which is re- 
flected explicitly in the self-consistent equations (11). 
The dressed holons (then electrons) interact by exchang- 
ing the spin excitations and that this interaction is attrac- 
tive. This attractive interaction leads to form the dressed 
holon pairs (then electron Cooper pairs). The parent 
compound of doped two-leg ladder cuprates is a Mott in- 
sulator, when holes are doped into this insulator, there is 
a gain in the kinetic energy per hole proportional to t due 
to hopping, but at the same time, the spin correlation is 
destroyed, costing an energy of approximately J per site, 
therefore the doped holes into the Mott insulator can be 
considered as a competition between the kinetic energy 
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{6t) and magnetic energy (J), and the magnetic energy 
decreases with increasing doping. In the underdoped and 
optimally doped regimes, the magnetic energy is rather 
large, then the dressed holon (then electron) attractive 
interaction by exchanging the spin excitations is also 
rather strong to form the dressed holon pairs (then elec- 
tron Cooper pairs) for the most dressed holons (then elec- 
trons), therefore the number of the dressed holon pairs 
(then electron Cooper pairs) and SC transition temper- 
ature are proportional to the hole doping concentration. 
However, in the overdoped regime, the magnetic energy 
is relatively small, then the dressed holon (then electron) 
attractive interaction by exchanging the spin excitations 
is also relatively weak, in this case, not all dressed holons 
(then electrons) can be bounden as dressed holon pairs 
(then electron Cooper pairs) by this weak attractive in- 
teraction, and therefore the number of the dressed holon 
pairs (then electron Cooper pairs) and SC transition tem- 
perature decrease with increasing doping. 

In summary, we have discussed superconductivity with 
the modified d-wave symmetry in doped two-leg ladder 
cuprates based on the kinetic energy driven SC mecha- 
nism. It is shown that the spin-liquid ground-state at the 
half-filling evolves into the SC ground-state upon doping. 
In analogy to the doping dependence of the SC transi- 
tion temperature in the planar cuprate superconductors, 
the SC transition temperature in doped two-leg ladder 
cuprates increases with increasing doping in the under- 
doped regime, and reaches a maximum in the optimal 
doping, then decreases in the overdoped regime. 

When this work was finished we became aware of the 
discovery of the analogous quasi-one dimensional cuprate 
superconductor^^ Pr2Ba4Cu70i5_5 at ambient pressure. 
It has been shown^'^ that in addition to the Cu02 planes, 
the cuprate superconductor Pr2Ba4Cu70i5_5 contains 
two CuO chains. In particular, these two single chains 
bound together like the two-leg ladder in two-leg ladder 
cuprates. This cuprate superconductor Pr2Ba4Cu70i5-5 
is called a double chain SC system, since the quasi-one 
dimensional double chain turns into the SC-state at am- 
bient pressure, while the planes remain insulating even 
below the SC transition temperature. Although the Cu 
ions in the double chain do not form the two-leg ladder 
structure but a zigzag chain, the quasi-one dimensional 
nature of the double chain in the cuprate superconduc- 
tor Pr2Ba4Cu70i5_5 is the same as that of the two- 
leg ladder in two-leg ladder cuprates. This experimen- 
tal measurement^'^ on Pr2Ba4Cu70i5_5 provides an evi- 
dence that the doped quasi-one dimensional cuprates can 
become SC at ambient pressure when the doped charge 
carriers distribute properly along the chains. These and 
related issue is under investigation now. 



FIG. 2. The SC transition temperature as a function of the 
doping concentration for t/J — 2.5. Inset: the experimental 
result taken from Ref. [7]. 
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